Secukinumab is a human monoclonal antibody that selectively targets interleukin-17A and has been demonstrated to be highly efficacious in the treatment of moderate to severe plaque psoriasis, starting at early time points, with a sustained effect and a favorable safety profile. Biotherapeutics-including monoclonal antibodies (mAbs)-can be immunogenic, leading to formation of anti-drug antibodies (ADAs) that can result in unwanted effects, including hypersensitivity reactions or compromised therapeutic efficacy. To gain insight into possible explanations for the clinically observed low immunogenicity of secukinumab, we evaluated its immunogenicity potential by applying 2 different in vitro assays: T-cell activation and major histocompatibility complex-associated peptide proteomics (MAPPs). For both assays, monocyte-derived dendritic cells (DCs) from healthy donors were exposed in vitro to biotherapeutic proteins. DCs naturally process proteins and present the derived peptides in the context of human leukocyte antigen (HLA)-class II. HLA-DR-associated biotherapeutic-derived peptides, representing potential T-cell epitopes, were identified in the MAPPs assay. In the T-cell assay, autologous CD4 C T cells were co-cultured with secukinumab-exposed DCs and T-cell activation was measured by proliferation and interleukin-2 secretion. In the MAPPs analysis and T-cell activation assays, secukinumab consistently showed relatively low numbers of potential T-cell epitopes and low T-cell response rates, respectively, comparable to other biotherapeutics with known low clinical immunogenicity. In contrast, biotherapeutics with elevated clinical immunogenicity rates showed increased numbers of potential T-cell epitopes and increased T-cell response rates in T-cell activation assays, indicating an approximate correlation between in vitro assay results and clinical immunogenicity incidence.
Introduction
The proinflammatory cytokine interleukin (IL)-17A, produced by the Th17 subset of CD4 C T-helper cells, as well as other innate and adaptive immune cells, plays a pivotal role in the pathophysiology of psoriasis and other immune-mediated diseases. [1] [2] [3] [4] [5] [6] Secukinumab, a human monoclonal antibody (mAb) that selectively targets IL-17A, has been demonstrated to be highly efficacious in the treatment of moderate to severe plaque psoriasis, starting at early time points, with a sustained effect and a favorable safety profile in Phase 3 studies. [7] [8] [9] [10] [11] Secukinumab also demonstrated efficacy in Phase 3 studies of subjects with psoriatic arthritis and ankylosing spondylitis. [12] [13] [14] [15] [16] The safety profile of secukinumab is favorable, with the majority of adverse events reported as mild or moderate in severity. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] All biotherapeutics, including mAbs, are immunogenic to varying degrees in individual patients, and the percentage of individuals developing anti-drug antibodies (ADAs) can vary widely, depending on the nature of the target (i.e., internalizing cell surface receptor on antigen-presenting cells [APCs] ), 17 as well as a range of factors that are not yet fully elucidated. [18] [19] [20] [21] [22] Factors known to influence biotherapeutic immunogenicity include intrinsic factors such as structural homology with respect to human amino acid sequences 23 and posttranslational modifications. 24 In general, eliminating foreign amino acid sequences from antibodies reduces the frequency of ADAs and hypersensitivity reactions, 23 and human antibodies are believed to present lower immunogenicity potential compared with chimeric constructs. 22, 25 However, even human antibodies (e.g., adalimumab), as well as other human proteins (e.g., interferons, erythropoietin), may demonstrate significant levels of immunogenicity for 2 reasons: 1) complementarity-determining regions (CDRs) of immunoglobulin G (IgG) molecules, which are highly diverse in terms of amino acid composition, have potential to raise an immune response, 26, 27 and 2) tolerance to selfsequences can be broken. Product-specific attributes, including extrinsic factors such as dosing frequency, dose amount, administration route, and formulation (impurities, host cell proteins, tendency to aggregate), all influence immunogenicity. 22, [28] [29] [30] In addition, patient-and treatment-specific factors, such as concomitant drug usage (e.g., for immunosuppression), as well as genetic and disease background of the patient population, have an effect on the immunogenic potential of a biotherapeutic compound, 22 which makes it difficult to compare immunogenicity rates between different clinical studies and between different biotherapeutics.
Factors unrelated to the compound that can affect the clinical immunogenicity responses of the different mAbs, such as patient-related or treatment-related factors, were not evaluated in this study. Instead, we focused on evaluation of the immunogenic potential of the biotherapeutics themselves in in vitro assays. For this purpose, we obtained approved comparator biotherapeutics, from a licensed pharmacy, and the marketed formulation of secukinumab as representatives of drug products applied to patients.
Production of high-affinity IgG isotype ADAs after treatment with biotherapeutics requires activation of the adaptive T-celldependent immune response, which involves endosomal cleavage of the biotherapeutic protein within a professional APC. 31, 32 Linear peptide fragments derived from the biotherapeutic are then presented by APCs in the context of the individual's human leukocyte antigen (HLA) class II molecules. 31, 33 T cells recognizing the peptide fragment as foreign, by virtue of T-cell receptors, initiate a CD4
C T-helper cell-mediated response, eventually leading to the release of cytokines and synthesis of ADAs by B cells. 34, 35 HLA class II molecules are a/b heterodimers encoded by the highly polymorphic genes HLA-DR, HLA-DP, and HLA-DQ. 36, 37 However, T-cell responses against allergens are rarely associated with HLA-DP and HLA-DQ, 38, 39 and HLA-DP and -DQ are believed to play a minor role in the context of ADAs for reasons that are not fully understood. 40 We therefore focused mainly on HLA-DR-associated responses within our studies.
Immunogenicity of biologic therapies for psoriasis has been associated with production of ADAs that may affect drug pharmacokinetics, diminish treatment responses, or cause adverse reactions. [41] [42] [43] [44] In Phase 3 clinical studies in subjects with moderate to severe psoriasis, secukinumab has demonstrated minimal immunogenicity up to Week 12 (primary endpoint), ranging from 0% to 0.41%. [7] [8] [9] [10] [11] Furthermore, in pooled analysis of these 6 different Phase 3 studies, secukinumab maintained a low rate (0.4%) of treatment-emergent ADAs up to Week 52, with longer term studies out to 2 years continuing to confirm this low rate (0.5%). 10 This study investigated the immunogenic potential of secukinumab and other biotherapeutics used to treat psoriasis by applying 2 different in vitro assays: a T-cell activation assay and a major histocompatibility complex-associated peptide proteomics (MAPPs) assay. T-cell activation was used to investigate whether CD4 C T cells are activated by APCs loaded with biotherapeutics. This assay encompasses several aspects of the activation of humoral immune responses, including antigen processing and presentation by professional APCs, as well as the induced T-cell responses. 45 The immunogenic potential of 5 mAbs (adalimumab, infliximab, rituximab, ustekinumab, and secukinumab) and 1 Fcfusion protein (etanercept) was assessed by quantifying Tcell responses in terms of proliferation and IL-2 secretion in APC/T-cell cultures from 50 healthy and drug-na€ ıve donors with a broad range of HLA class II haplotypes. Since the T-cell assay, as performed in this study, did not provide any information on the epitope sequences leading to the observed T-cell responses, MAPPs was independently applied to identify the sequence of biotherapeutic-derived HLA class II-associated peptides, which represent potential T-cell epitopes. The MAPPs assay evaluated differences in antigen presentation for the 5 different mAbs across 30 healthy donors, all of whom differed from the donors used in the T-cell assay. Both the MAPPs and T-cell assay results were compared with the clinically observed immunogenicity of secukinumab and the other biotherapeutics.
Results

T-cell assay
T-cell responses, following exposure to monocyte-derived dendritic cells (DCs) loaded with test biotherapeutics, were assessed by measuring 2 markers in parallel: CD4 C T-cell proliferation via [ 3 H]-thymidine incorporation assay and IL-2 secretion via enzymelinked immunospot (ELISpot) assay. The ELISpot is among the most sensitive methods for detecting T-cell responses to biotherapeutics. 45 Although there is generally a good correlation between IL-2 production and proliferation after CD4 C T cells have been activated, differences can sometimes occur. These differences can be attributed to the kinetics of T-cell responses in culture where transient proliferation responses can potentially be missed, particularly if the proliferation response occurs during the very early stages of the autologous T-cell culture (i.e., before Day 7). Alternatively, differences can be due to activation of specific T-cell subsets that undergo limited proliferation. Since the IL-2 ELISpot assay comprises a membrane pre-coated with capture antibody that binds secreted cytokine during the entire incubation time, both early and late responses will be detected. Proliferation and IL-2 ELISpot assays have therefore been interpreted independently, with differences and similarities highlighted between the respective assay data. The overall correlation between proliferation and IL-2 ELISpot assays was high in this study (89% for responses to the control antigen keyhole limpet hemocyanin [KLH]; Table S1 ), and donors responding to the tested biotherapeutics were thus defined as those mounting a positive response to each sample in both IL-2 ELISpot and proliferation assays. The marketed formulation of secukinumab and 5 approved biotherapeutics (adalimumab, infliximab, rituximab, ustekinumab, and etanercept), which were obtained from a licensed pharmacy, were individually assessed for immunogenic potential using DCs and CD4
C T cells from a cohort of 50 HLAtyped healthy donors.
T-cell responses to secukinumab and to comparator biotherapeutics with low clinical immunogenicity rates are in the same range ( Fig. 1A and Table S1 ). Similarly, in the IL-2 ELISpot assay, secukinumab showed a compact response distribution, with only 4 donors deviating such that their SI was above the response threshold. The same distribution was true for ustekinumab and etanercept, for which 4 and 5 donors, respectively, showed IL-2 ELISpot signals above the threshold. Rituximab, in contrast, showed a highly variable response distribution, with 6 donors above the response threshold. Infliximab and adalimumab showed distinct subpopulations of the donor set with responses above the response threshold (10 and 8 donors, respectively) ( Fig. 1B and Table S1 ).
Overall, the percentage of donors mounting a positive Tcell response in both the IL-2 ELISpot and proliferation assays ranged from a high of 20% (infliximab) to 14% (adalimumab), 10% (rituximab), 8% (etanercept), and a low of 6% (for both secukinumab and ustekinumab) (Fig. 1C and Table S1 ).
MAPPs
Using the MAPPs assay, naturally presented HLA-DR-associated peptides were identified directly from 30 healthy donors' monocyte-derived DCs exposed to test biotherapeutics. 28, [46] [47] [48] HLA-DR-associated peptides originate from a variety of proteins, which are naturally present in the endolysosomal cellular compartment, as well as from the test biotherapeutic. 28 Peptides can originate from different protein domains and typically occur as multiple length variants. Peptides sharing the same HLA-DR binding core build a "cluster" (Fig. S1 ), which represents a sequence region that may potentially, but not necessarily, be recognized as a T-cell epitope.
Clusters can partially overlap with respect to their amino acid sequence, but can be distinguished from one another by sufficiently different HLA binding properties such that different clusters are considered to be an additional distinct opportunity for recognition as a T-cell epitope. Depending on binding properties of the 2 HLA-DR alleles of an individual, donors can differ considerably regarding their pattern of presented clusters.
In the MAPPs analysis, antigen presentation is quantitated by 2 methods that characterize the content of potential T-cell epitopes for a test biotherapeutic. These methods are: 1) counting the number of all clusters for the whole molecule, taking repeated detections of each cluster in multiple donors into account (total clusters); and 2) counting the number of different clusters identified in a donor set for the whole molecule (see Fig. S1 for detailed explanation).
Different secukinumab preparations show a highly consistent cluster pattern by MAPPs
The MAPPs analysis performed with 3 different secukinumab batches and tested on monocyte-derived DCs from 9 healthy donors resulted in highly similar cluster patterns across secukinumab preparations, indicating the consistent quality of secukinumab protein (Fig. 2) . Overall, a low number of different clusters were obtained for the secukinumab heavy (14 clusters) and light (6 clusters) chains.
Secukinumab contains low number of potential CD4
C T cell epitopes
The MAPPs cluster patterns of secukinumab were compared with patterns from a panel of therapeutic antibodies (adalimumab, infliximab, rituximab, and ustekinumab) in marketed formulations (Fig. 3) . Etanercept was not included in the MAPPs analysis because, as a fusion protein containing endogenous tumor necrosis factor-receptor protein sequences, and lacking CH1 and CL constant domains, it would not be an adequate structural comparator to antibody molecules. The MAPPs assay was performed on 30 donors, in 3 independent sets of 10 donors each. One of the sets was measured using 50% more cells compared with the other 2 sets to increase sensitivity (Fig. 3 ). For comparison of the 3 donor sets, the numbers of different and total clusters in each dataset were normalized against the respective values for adalimumab as an arbitrary reference (Figs. 4A and B). To obtain 1 single response value for MAPPs, Figure 2 . Consistent cluster maps were generated across secukinumab preparations. Major histocompatibility complex-associated peptide proteomics cluster map of human leukocyte antigen-DR-associated peptides produced by 1.5 £ 10 6 dendritic cells from 9 different donors exposed to 3 different secukinumab preparations. Clusters are indicated as black boxes, Complementarity-determining regions are indicated as shaded areas along the sequence of constant domains in heavy chain (CH; left) and light chain (CL; right) above each monoclonal antibody. H, hinge region.
which integrates the number of potential CD4
C T-cell epitopes, as well as their frequency in the donor set, the normalized numbers of different and total clusters were averaged (Fig. 4C ). In all 3 sets, secukinumab (42.9%, 60.5%, 51.4% relative response) and ustekinumab (46.5%, 61.0%, 47.7% relative response) ranked low in the average normalized cluster response. Infliximab (62.6%, 80.0%, 59.0% relative response) and rituximab (74.1%, 66.1%, 59.5% relative response) showed higher average normalized cluster responses, and the ranking order between the 2 molcules varied, which is likely due to the low number of donors tested in each set. Adalimumab consistently showed the highest response in all 3 donor sets (set as 100%; all data normalized to adalimumab). The total number of clusters was analyzed using a generalized linear model with Poisson errors and a log link. Adalimumab showed significantly higher numbers of total clusters compared with all other antibodies (Table S4) . Differences in cluster numbers among the other biotherapeutics were observed although these differences did not reach statistical significance, probably due to the limited number of donors in each set.
Despite the relatively low number of donors tested in each set, overall all 3 donor sets produced similar results (Fig. 4) .
The cluster patterns of the tested antibodies along the heavy and light chains showed obvious similarities in certain sequence regions such as the constant domains of the human IgG1 heavy chain (Fig. 3) . In contrast, marked differences were observed in other regions such as in the variable domains. This is consistent with therapeutic antibodies showing high sequence diversity in variable domains, in particular in the CDRs.
MAPPs average normalized cluster response and T-cell responses show the same trend
Comparison of the relative immunogenic potentials of the tested biotherapeutics, in the MAPPs assay and the T-cell assay (Fig. 1C) , indicates that results were generally comparable between these 2 in vitro assays (Fig. 5 ). Secukinumab and ustekinumab showed low immunogenicity potential in both assays, while rituximab, infliximab, and adalimumab consistently ranked higher in both assays, although the rank order of the 2 latter molecules was reversed between the 2 assays.
Discussion
Secukinumab is a human IgG1k mAb that selectively inhibits human IL-17A and has been associated with low immunogenicity (0.4% treatment-emergent ADA rate) in Phase 3 studies up to 52 weeks in subjects with moderate to severe plaque psoriasis. In general, multiple factors that are not clearly defined or understood contribute to biotherapeutic immunogenicity, [18] [19] [20] 24, 25, 34 but these factors are known to include product-specific attributes, formulation, and tendency for aggregation. [28] [29] [30] Biotherapeutics currently used to treat psoriasis-such as adalimumab and infliximab-are reported to have higher immunogenicity compared with secukinumab in clinical trials (Table 1) . However, such indirect comparisons of published immunogenicity prevalence in clinical trials might not account for differences in the time frame over which immunogenicity is observed, differences across clinical studies, and differences in ADA testing, including sampling time points, detection methodology, and reporting. For most biotherapeutics, these differences lead to high variability of reported clinical immunogenicity rates, which complicates not only the evaluation of the "true" immunogenicity of a biotherapeutic, but also the correlation of in vitro assay data with clinical immunogenicity. Harmonization of terms and concepts related to immunogenicity testing would facilitate interpretation and comparison of reported immunogenicity data. 49, 50 The main challenge in preclinical assessment of the immunogenicity potential of a biotherapeutic, using in vitro assays, is that responses against mAbs are much weaker, in general, compared with responses against pathogens, allergens, or vaccines. Weak responses to mAbs can be explained by a low precursor frequency of reactive T-cells, owing to negative T-cell selection processes, which specifically recognize endogenous antibodies. The high sequence similarity between mAbs and endogenous antibodies underlies the weak immune response against mAbs. The finding that patients often develop ADAs only several months after initial drug exposure further illustrates weak immune responses against mAbs. [51] [52] In this study, T-cell and MAPPs assays were used to examine the immunogenicity potential of biotherapeutic preparations based on their ability to induce a T-cell-mediated immune response. The 2 assays reflect different aspects of the process of ADA development that occurs in patients. The in vitro T-cell assay addresses T-cell responses to whole protein biotherapeutics after processing and presentation by APCs, 45, 53 whereas the MAPPs assay investigates the ability of biotherapeutics to be processed and presented by individual HLA-DR alleles on APCs (potential T-cell epitopes). Both assays were conducted with cells derived from healthy, drug-na€ ıve blood donors for the following reasons: (1) drug-na€ ıve healthy donors likely reflect the patient population better than patients who have been treated with biologics and already developed an ADA response, (2) it is infeasible to obtain the required number of cells from enough drug-na€ ıve patients, (3) the aim of this study was to evaluate the assays in a setup independent of disease indication and the biotherapeutics assessed in this study are approved for several indications, each with different comedications that can affect ADA responses, and (4) use of cells derived from healthy blood donors for in vitro studies is the current practice in this field. 35, 54, 55 The applied T-cell assay, conducted at the contract research organization Antitope, an Abzena company, separately measured T-cell proliferation by [ 3 H]-thymidine incorporation and production of IL-2 by ELISpot. Cells from a different set of 50 drug-na€ ıve, healthy donors representing the distribution of HLA class II allotypes expressed in the North American and European populations ( Figure S2 and Table S2 ) were used to evaluate T-cell responses after exposure to biotherapeutics. The ability of secukinumab to initiate a T-cell response was comparable to other marketed biotherapeutics of known low clinical immunogenicity such as ustekinumab and etanercept (Table 1) . Biotherapeutics with clearly higher clinical immunogenicity in the real-world setting (infliximab, adalimumab, and rituximab) scored higher than secukinumab in these assays, although the overall response rate was still relatively low and the observed responses were weak.
The low number of T-cell precursors reacting against a mAb poses a challenge in na€ ıve T cell assays due to limited time for cell division and signal amplification during the duration of the culture, 35 which has an effect on assay sensitivity. Moreover, due to a possible direct interference of the tested biotherapeutics with T-cell activation in more sensitive whole peripheral blood mononuclear cell (PBMC) assays, DCs were first loaded with biotherapeutic proteins in isolation and then washed to remove the protein excess before adding the autologous CD4 C T-cells. This type of DC/T-cell co-culture contains a DC:T-cell ratio that is not physiological, leading to relatively high background, thus making the assay less sensitive compared with a PBMC-based assay. Considering the abovementioned factors, it is expected and consistent with other published studies 29, 55 that in the applied in vitro T-cell assay, which measures na€ ıve T-cell responses of low precursor frequency, the dynamic range of the method was limited and the number of responding donors was low. Differences in T-cell responses between the different biotherapeutics were observed, although statistically significant differences were not reached according to analysis of variance and t test. Importantly, the signal ranges in the in vitro T-cell assay are dependent on the signal-to-noise ratio and assay specifics. Therefore, the degree and frequency of responses between clinical immunogenicity and in vitro assays cannot be directly compared.
In contrast, the MAPPs assay characterizes naturally derived HLA-DR-associated peptides obtained from DCs exposed to biotherapeutic proteins. 28, 46 Testing of 3 different clinical batches of secukinumab in the MAPPs assay yielded highly reproducible cluster patterns (Fig. 2) , indicating consistent secukinumab quality. The cluster patterns of secukinumab and other marketed biotherapeutic antibodies showed similarities, in particular in the constant domains of heavy chain (CH1, CH2, CH3) and light chain (CL), consistent with the conserved sequence in these domains among antibodies. Interestingly, some differences in the cluster pattern also occurred in conserved regions, which may be due to productspecific attributes such as formulation, tendency for aggregation, and differential enzymatic processing based on the overall structure of the biotherapeutic and influenced by the variable regions and differences in glycosylation. As one would expect, marked differences in the cluster pattern were observed in the variable domains, in particular around the CDR regions, which is consistent with the high sequence diversity between different antibodies in the variable domains, especially in the hypervariable CDRs.
Although the identified clusters of peptides all represent potential T-cell epitopes, not every cluster identified may effectively induce a T-cell response and immune responses are often dominated by the recognition of a limited number of epitopes, a phenomenon known as immunodominance. Two factors contribute to this phenomenon: 56 1) a high relative abundance of epitopes, and 2) the precursor frequency for na€ ıve T cells recognizing different peptide-major histocompatibility complex combinations. The overall extent of antigen presentation, as determined by MAPPs in combination with the actually observed T-cell responses, is relevant when assessing the potential of a protein to induce a CD4 C T-cell-driven immune response. Although 1 epitope can be sufficient to elicit a strong response, immune responses of different individuals can be dominated by different epitopes and a higher number of different presented clusters will thus increase the likelihood that at least 1 of these clusters will be recognized as a true T-cell epitope. In addition, clusters recognized as T-cell epitopes by many different subjects will increase the likelihood for a high incidence of clinical ADA responses. 28, 34, 35 Based on these considerations, the numbers of presented different clusters and total clusters, together representing the number of potential T-cell epitopes in a protein and their frequency in a cohort of donors, were selected as parameters for comparison to the observed clinical immunogenicity of the tested biotherapeutics. Surprisingly, despite the complexity of the immune response, across biotherapeutics these parameters generally agree with the degree of clinical immunogenicity observed in different patient groups treated with these biotherapeutics. The average value for different clusters and total clusters, from the same population of donor cells, was low for secukinumab and in the same range as other biotherapeutics known to exhibit low clinical immunogenicity, such as ustekinumab (Table 1 ). In Figure 5 . Consistent results from major histocompatibility complex-associated peptide proteomics (MAPPs) and T-cell assays. T-cell assay responses for each biotherapeutic from a total of 50 donors were plotted vs MAPPs average normalized cluster responses from a total of 30 donors. ADAs, anti-drug antibodies; Ig, immunoglobulin; IL, interleukin; TNF, tumor necrosis factor. Immunogenicity data are from studies in indicated reference or from individual studies cited in review articles as indicated. Some patients were treated concomitantly with methotrexate.
contrast, the values for rituximab and infliximab were elevated, and adalimumab showed the highest response of all compounds. Taking the average normalized cluster response as an indication of the relative immunogenic potential of the test biotherapeutic, an approximate positive correlation with clinical immunogenicity for these agents was observed. Over the past years, the MAPPs assay has been applied to identify self-and tumor-derived peptides [46] [47] [48] to characterize the effect of post-translational modifications 57 and protein aggregation 28 on antigen processing and presentation. Our findings indicate that this assay, together with a functional Tcell assay, may provide valuable information for preclinical assessment of the relative immunogenicity potential of different biotherapeutics.
Both the MAPPs and T-cell assays showed comparable results indicating low immunogenic potential, for secukinumab and ustekinumab. The observed inverted rank order for infliximab and adalimumab in T-cell vs MAPPs assays may be explained by the different aspects of initiating an immune response addressed by the 2 assays. First, the performed MAPPs analysis was limited to HLA-DR due to the peptide isolation setup using an anti-HLA-DR antibody and did not evaluate HLA-DQ or HLA-DP binding. Second, glycosylated peptides could not be evaluated via MAPPs due to the analytical setup. As the MAPPs assay identifies potential T-cell epitopes only, it cannot assess which clusters are actually able to stimulate CD4
C T cells such that some presented clusters may be more relevant to the immunogenic potential of a biotherapeutic than others. For instance, the chimeric antibody biotherapeutics showed clusters in non-human sequence regions that are more likely to induce a T-cell response since the respective T cells have not undergone negative selection in the donor. Since the MAPPs assay does not take the T-cell precursor frequencies into account, the immunogenicity potential of infliximab and rituximab may be underestimated in the MAPPs assay compared with the human mAbs adalimumab, secukinumab, and ustekinumab. This may explain the inverted correlation between the MAPPs and T-cell assays for adalimumab and infliximab. The T-cell assay overcomes these limitations and provides a second independent in vitro analysis. However, the T-cell assay applied here does not identify the sequences of the individual T-cell epitopes, and most importantly, a response in this assay relies on the presence of reactive CD4
C T-cells. In future research, it would therefore be interesting to perform the MAPPs and T-cell assays consecutively using the same donor material and testing the main clusters identified in MAPPs for their T-cell reactivity. However, due to the limitations of the assay (mainly the amount of cells needed for each assay), this is currently infeasible. Neither assay-readout has the potential to specifically measure regulatory T-cell responses (defining positive in vitro T-cell responses based on IL-2 secretion and proliferation excludes regulatory T-cell responses). Moreover, interactions between the biotherapeutic and soluble or membrane-bound targets on APCs may potentially influence the cytokine profile and antigen uptake, and have an effect on the antigen presentation and T-cell activation profiles.
Further, a direct translation of the in vitro response rates and clinical immunogenicity incidence is not possible since immunogenicity is influenced by many factors not addressed by the assays applied in this study, such as patient-(e.g., indication, pre-or co-medication, HLA and other genetic factors) and treatment-related factors (e.g., duration of study, dosing route and regimen, co-medication, drug holidays).
Another caveat for clinical validation of prediction methods, such as those applied in this study, is the high variability of the published clinical immunogenicity data. Reported immunogenicity incidence for biotherapeutics depends on patient-and treatment-related factors, as well as on the immunogenicity assay that was used to measure ADA responses in the patient. Moreover, assay specifics such as sensitivity, drug tolerance, and sampling time all contribute to the complexity. Therefore, a valid correlation between in vitro data and clinical immunogenicity on different marketed compounds may only be possible by generating clinical immunogenicity data with harmonization of assays and sampling in clinical trials. Extensive collaborative efforts, such as the ABIRISK project (www. abirisk.eu) of the European Innovative Medicines Initiative, in which the authors are active contributing participants, might achieve this harmonization goal.
While a linear correlation between in vitro assays and clinical immunogenicity incidence is not possible given all the above-mentioned limitations, we investigated whether an approximate correlation might exist. Based on the reported clinical immunogenicity, the tested biotherapeutics could be separated into 2 main categories: 1) a low immunogenicity group including secukinumab, ustekinumab, and etanercept, and 2) a high immunogenicity group, including rituximab, adalimumab, and infliximab (although also for the latter 3 biotherapeutics, low immunogenicity prevalence has been reported in a few studies) ( Table 1 ). The T-cell and MAPPs assay results could be similarly categorized such that secukinumab and ustekinumab, as well as etanercept (T-cell assay only), show low signals, whereas adalimumab, rituximab, and infliximab show high signals in the assays (Fig. 5) , indicating indeed an approximate correlation between in vitro assays and clinical immunogenicity incidence.
This study did not intend to investigate mechanisms of causation of clinical immunogenicity nor should the presented data be mistaken for a complete explanation of causation of clinical immunogenicity. Rather, our in vitro data can be seen to provide insight, limited to the parameters investigated by the assays we used, to explain why different antibodies exhibit different incidences of clinical ADA. Our data indicate that certain biotherapeutics, such as ustekinumab and secukinumab, of which fewer peptides were presented to the immune system and had a lower probability for T-cell responses, are associated with a lower clinical immunogenicity incidence. In contrast, other biotherapeutics, such as adalimumab and infliximab, of which more peptides were presented to the immune system and which exhibited increased probability for a T-cell response, are associated with a higher clinical immunogenicity incidence. This approximate correlation between in vitro and clinical results suggests this approach is a relevant indicator of product characteristics that contribute to clinical immunogenicity. It is conceivable that such in vitro assays might be useful as an early checkpoint in the development process of non-immunogenic biotherapeutics, with the understanding that these in vitro assays can provide insight into contributing factors, but will not necessarily predict future clinical immunogenicity.
In summary, while precise prediction of the clinical immunogenicity incidence is not possible at this stage, our results for secukinumab and a number of other marketed biotherapeutics suggest an approximate correlation between the in vitro antigenpresentation potential and T-cell responses, and observed clinical immunogenicity incidence. Further research and large collaborative efforts by big consortia such as ABIRISK, as well as future data from studies using biosimilars or biobetters, will likely shed more light on mechanisms leading to immunogenicity and will facilitate better understanding of the predictive power of assays used to assess immunogenicity potential, e.g., by comparing responses observed with cells derived from healthy volunteers and patients who have been treated with the biotherapeutics.
Materials and methods
T-cell assay
The T-cell assay was performed by Antitope 44 PBMCs were isolated from healthy donor buffy coats (from blood drawn within 24 hours). PBMCs were isolated from buffy coats by Lymphoprep (Axis-shield [NYC1114547]) density centrifugation, and CD8 C T cells were depleted using CD8 C RosetteSep TM (StemCell Technologies Inc.
[15663]). Donors were characterized by identifying HLA-DR and HLA-DQ haplotypes using the HISTO Spot SSO HLA typing method (MC Diagnostics). Tcell responses to control antigen (KLH; Sigma [H7017]) were determined.
A cohort of 50 healthy donors (different from those used for the MAPPS assay) was selected to best represent the number and frequency of HLA-DR and -DQ allotypes expressed in North American and European populations. Analysis of HLA-DR and -DQ allotypes expressed in cohort against those expressed in the North American and European populations revealed that coverage of >80% was achieved, and that all major HLA-DR and -DQ allotypes (individual allotypes with a frequency >5% expressed in this population) were well represented (Table S2 and ) and 1000 U/mL granulocyte-macrophage colony-stimulating factor (Peprotech [300-03]) ("DC culture media") to a density of 4 to 6 £ 10 6 cells/mL, and then distributed in 24-well plates (2 mL final culture volume). Cells were fed on Day 2 by half-volume DC culture media change. On Day 3, the test samples or controls (KLH and humanized A33) were added in DC culture medium to the cells, making a final concentration of 0.3 mM for the test sample, humanized A33, and KLH. In addition, an equivalent volume of DC culture medium was added to the untreated control wells. DCs were incubated with test biotherapeutic for 24 hours, after which cells were washed twice and resuspended in DC culture medium containing 50 ng/mL tumor necrosis factor-a (Peprotech [300-01A]) to induce cellular maturation.
Cells were fed on Day 7 by a half-volume medium change before harvesting on Day 8. The harvested DCs were counted and viability assessed using trypan blue (Sigma [T8154]) dye exclusion. DCs were then g-irradiated (4000 rads) before use in the proliferation and ELISpot assays. Autologous CD4 C T cells were isolated on Day 8 by negative selection from frozen PBMCs using CD4 C T Cell Isolation Kit II (Miltenyi Biotech [130-096-533]) according to the manufacturer's instructions. Viability of cultured cells, as assessed by trypan blue exclusion, was comparable across the donor samples (data not shown).
After counting and assessing cell viability, 1 £ 10 5 CD4 C T cells were added to 1 £ 10 4 DCs in 96-well round bottom plates (ratio of 10:1). All test samples were tested in sextuplet cultures. Cells were cultured for 7 days before the cultures were pulsed with 1.0 mCi C T cells and DCs were added to each well as for the proliferation assay (ratio 10:1).
Each test sample was tested in sextuplicate cultures and, for each donor, negative control (AIM-V® medium alone), no cells control, and mitogen-positive control (PHA at 2.5 mg/mL used as an internal test for ELISpot function and cell viability; Sigma [L1668]) were also included on each plate. After a 7-day incubation period, ELISpot plates were developed by sequential washing in dH 2 O and PBS (x3), prior to the addition of 100 mL filtered, biotinylated detection antibody (R&D Systems [SEL202]) in PBS/1% BSA. Following incubation at 37 C for 1.5 hours, plates were further washed in PBS (x3), and 100 mL of filtered streptavidin-AP (R&D Systems [SEL002]) in PBS/1% BSA was added for 1.5 hours (incubation at room temperature). Streptavidin-AP was discarded and plates were washed in PBS (x4). One hundred microliters of 5-bromo-4-chloro-3-indolyl phosphate/nitroblue tetrazolium substrate (R&D Systems [SEL002]) were added to each well and incubated for 30 minutes at room temperature. Spot development was stopped by washing the wells and the backs of the wells 3 times with dH 2 O. Dried plates were scanned on an Immunoscan® Analyzer and spots per well (spw) were determined using Immunoscan® Version 5 software.
T-cell assay data analysis
For proliferation and IL-2 ELISpot assays, an empirical threshold of an SI 2 has been previously established whereby test samples inducing responses above this threshold are deemed positive. Extensive assay development and previous studies have shown that this is the minimum signal-to-noise threshold, allowing maximum sensitivity without detecting large numbers of false-positive responses or omitting subtle immunogenic events. In order to further increase sensitivity, responses with an SI 1.9 were considered positive in this study. Consequently, for both proliferation (n D 3) and IL-2 ELISpot (n D 6) data sets, positive responses were defined by statistical and empirical thresholds:
1. Significance (P <0.05) of the response by comparing cpm or spw of test wells against medium control wells (cpm >150, spw >3) using unpaired 2-sample student's t-test. 2. SI 1 .9, where SI D mean of test wells (cpm or spw) / baseline (cpm or spw). Data presented in this way are indicated as SI 1 .9 (P <0.05).
In addition, intra-assay variation was assessed by calculating the coefficient of variance and standard deviation of the raw data from replicate cultures.
Preparation of test samples
Seven therapeutic antibody samples (secukinumab batch 1, 150 mg/mL; ustekinumab, 90 mg/mL; adalimumab, 50 mg/mL; etanercept, 50 mg/mL; infliximab, 10 mg/mL; rituximab, 10 mg/ mL; A33, 7.68 mg/mL) were supplied and stored according to instructions provided. Test samples were diluted in AIM-V® culture medium (Invitrogen) just before use and the final assay concentration was 0.3 mM. KLH was stored at ¡20 C as a 10-mg/ mL stock solution in water. For the studies, an aliquot of KLH was thawed before immediately diluting to 3 mM in AIM-V® (final concentration 0.3 mM). PHA (Sigma) was used as a positive control and a 1-mg/mL stock was stored at ¡20 C before diluting to a final concentration of 2.5 mg/mL in cell cultures. An immunogenic benchmark clinical control, humanized anti-A33 antibody, 58 was included for comparison with the test samples. A33 was immunogenic in clinical studies, but since only very limited clinical data are available, this antibody is only considered as an assay control and not as a comparator molecule. 59 Secukinumab batch 1 is the preparation used in clinical studies and in all analyses presented in this study, except for the comparison with other secukinumab batches in the MAPPs analysis (Fig. 2) .
MAPPs assay
The MAPPs assay was established and conducted internally at Novartis.
Generation of HLA-DR-specific beads for immunoprecipitation Monoclonal antibodies specific for HLA-DRa were generated using the mouse hybridoma cell line L243 60 and were used to isolate HLA-DR-peptide complexes. Protein A-purified anti-HLA-DR antibody was immobilized on N-hydroxysuccinimide-activated beads (GE Healthcare Bio-Sciences AB [28-9811-57] ) according to the manufacturer's protocol and stored containing 0.02% sodium azide. For confirmation of HLA-DR depletion efficiency of the L243-conjugated beads, cell lysates before and after immunoprecipitation with the beads were analyzed by Western Blotting using the non-overlapping HLA-DR-specific mAb 1B5 (Lifespan Biosciences [LS-B2858]).
Isolation of monocytes
PBMCs were isolated from human buffy coats sampled from 30 healthy donors (Blood Donation Center SRK beider Basel, Basel, Switzerland; Interregionale Blutspende SRK AG, Bern, Switzerland) different from those used in the T-cell assay. Since only HLA-DR-derived peptides were analyzed, donors were isotyped for HLA-DR only (Table S3) 
Stimulation and loading of immature DCs
On Day 5 of cell culture, immature DCs were induced to maturation by adding lipopolysaccharide (1 mg/mL, Sigma [L5866-10MG]) and loaded with the biotherapeutic of interest. After incubation for 24 hours at 37 C and 5% CO 2 , DCs were harvested and washed in PBS. After removal of liquid, the cell pellets were frozen at ¡70 C.
Isolation of HLA-DR-associated peptides
For isolation of HLA-DR-associated peptides, DC pellets obtained from either 1 £ 10 6 or 1.5 £ 10 6 cells were lysed in hypotonic buffer containing 1% Triton X-100 (Roche Diagnostics GmbH [11332481001]) and protease inhibitor tablets (Roche Diagnostics GmbH [11836153001]) for 1 hour at 4 C on a horizontal shaker at 1100 RPM. After centrifugation, the lysate was incubated overnight at 4 C with L243-conjugated beads for immunoprecipitation. After washing with wash buffer (PBS containing 0.5% Zwittergent) and several wash steps with distilled water, peptides were eluted from HLA-DR molecules by adding 0.1% trifluoracetic acid (Fluka [40967] ) at 37 C and lyophilized using an Eppendorf Concentrator 5301 (Eppendorf AG).
Analysis of HLA-DR-associated peptides 28, 47, 48 Lyophilized peptides were resuspended in hydrophilic buffer containing 5% acetonitrile and 1.1% formic acid, and injected onto a self-packed fused-silica C18 reversed-phase nano-highperformance liquid chromatography column. Multiple injections were not performed due to limited amounts of sample. Peptide identification was performed using liquid chromatography (Nano Capillary System, Dionex Corporation) on a reversed-phase column connected to a mass spectrometer (QExactive, Thermo) via electrospray ionization (LC-ESI-MS/ MS). Chromatographic separation was achieved using a 5%-80% acetonitrile gradient buffer (buffer 1: 97.4% water, 2.5% acetonitrile, 0.1% formic acid; buffer 2: 17.4% water, 82.5% acetonitrile, 0.1% formic acid). Peptides were chromatographically separated using a 75-min or 130-min gradient depending on the number of cells used for the generation of peptide eluates (1 million or 1.5 million cells, respectively). Peptides were identified using a database search approach using the SEQUEST algorithm. Peptides with a delta mass of <10 ppm to the expected mass, cross correlation values of XCorr >2.3 for doubly charged ions, >2.8 for triply charged ions, and >3.3 for quadruply charged ions, and a delta cross correlation >0.1 were considered as true hits. In mAb-treated samples, mAbderived peptides were detected multiple times and in several length variants clustering in sequence regions, increasing confidence in correctness of peptide identification. In addition, donors sharing the same HLA-DR alleles (HLA-DR haplotypes in Table S3 ) showed common peptide clusters.
Lack of identification of mAb-derived peptides in negative control samples ruled out false positive identification of mAbderived peptides in the respective samples derived from the same donor.
The total number of clusters was analyzed using a generalized linear model with Poisson errors and a log link. Each of the individual sets used samples from different donors and these sets were analyzed both separately and combined. The terms included in the model as fixed effect were donor and biotherapeutic. For the combined set model, additional terms for set and the interaction between set and biotherapeutic were included.
P-values in Table S4 were obtained from fitting 4 separate models to the data, 3 relating to the modeling of each separate set and 1 for the analysis of the 3 sets combined.
All procedures were in accordance with the Helsinki Declaration of 1975.
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